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Background: Sec6 has been reported to inhibit SNARE complex assembly, in contrast to other tethering complexes.
Results: Sec6 does not inhibit SNARE assembly. Rather, it binds assembled SNARE complexes. Disrupting this interaction
results in growth defects in yeast.
Conclusion: This interaction is important for a functional exocytic pathway.
Significance: The exocyst is likely to have mechanisms of SNARE regulation comparable with other multisubunit tethering
complexes.
In eukaryotic cells, membrane-bound vesicles carry cargo
between intracellular compartments, to and from the cell sur-
face, and into the extracellular environment. Many conserved
families of proteins are required for properly localized vesicle
fusion, including the multisubunit tethering complexes and the
SNARE complexes. These protein complexes work together to
promote proper vesicle fusion in intracellular trafficking path-
ways. However, themechanism bywhich the exocyst, the exocy-
tosis-specific multisubunit tethering complex, interacts with
the exocytic SNAREs to mediate vesicle targeting and fusion is
currently unknown. We have demonstrated previously that the
Saccharomyces cerevisiae exocyst subunit Sec6 directly bound
the plasma membrane SNARE protein Sec9 in vitro and that
Sec6 inhibited the assembly of the binary Sso1-Sec9 SNARE
complex. Therefore, we hypothesized that the interaction
between Sec6 and Sec9 prevented the assembly of premature
SNARE complexes at sites of exocytosis. To map the determi-
nants of this interaction, we used cross-linking and mass spec-
trometry analyses to identify residues required for binding.
Mutation of residues identified by this approach resulted in a
growth defect when introduced into yeast. Contrary to our pre-
vious hypothesis, we discovered that Sec6 does not change the
rate of SNARE assembly but, rather, binds both the binary Sec9-
Sso1 and ternary Sec9-Sso1-Snc2 SNARE complexes. Together,
these results suggest a new model in which Sec6 promotes
SNAREcomplex assembly, similar to the role proposed for other
tether subunit-SNARE interactions.
Intracellular trafficking is an essential, conserved, and highly
regulated process in eukaryotic cells, characterized by the
movement of membrane-bound vesicles between distinct
organelles and cellular compartments. Vesicles bud fromdonor
compartments, are trafficked to the proper target membrane,
and subsequently fuse. These trafficking processes must be
tightly regulated to ensure spatial and temporal delivery of ves-
icles to their cellular destination. Many conserved protein fam-
ilies are essential for trafficking, including the SNARE proteins
that provide the impetus for membrane fusion (1) and themul-
tisubunit tethering complexes (MTCs)2 proposed to tether ves-
icles to sites of fusion (2, 3). However, the details of these pro-
cesses are still poorly understood at the mechanistic level.
The SNARE complex is the core of the membrane fusion
apparatus. Proteins in this family are identified by their
“SNAREmotif” (4), a characteristic coiled-coil heptad repeat of
hydrophobic residues generally followed by a transmembrane
domain. In yeast, the plasma membrane target (t-) SNAREs
Sso1/2 (syntaxin family in mammals) and Sec9 (SNAP-25 fam-
ily in mammals) form a binary complex that binds the vesicle
(v-) SNAREs Snc1/2 (VAMP/synaptobrevin family in mam-
mals) to drivemembrane fusion (5–9). Prior to complex forma-
tion, both Sec9 and Snc2 are intrinsically disordered proteins
(IDPs) and fold into their helical SNARE conformations during
assembly of the SNARE complex (10–12). This assembled
SNARE complex is stable and requires the ATPase activity of
the NSF and -SNAP complex (Sec18 and Sec17 in yeast,
respectively) for disassembly. Because of the energetic
favorability of assembling the SNARE complex and the stability
of the assembled complex, regulation of vesicle fusion necessi-
tates the regulation of SNARE complex assembly (13, 14).
Several lines of evidence indicate that specific control of
SNARE complex assembly is required to prevent the formation
of premature, mislocalized, or nonspecific SNARE complexes
that may result in the incorrect delivery of important cargo.
First, yeast SNAREs can form fusion-competent complexes
promiscuously in vitro. Vesicles containing the exocytic Sso1-
Sec9 t-SNARE complex can fuse with vesicles containing
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v-SNAREs other than Snc1/2 (15), and vesicles loaded with the
vacuolar t-SNARE complex (Vam3, Vti1, and Vam7) can fuse
with vesicles containing non-vacuolar v-SNAREs, including the
exocytic/endocytic Snc2 (16). This promiscuity extends to
mammalian cells; SNAREs from various intracellular compart-
ments can form stable non-cognate SNARE complexes, sug-
gesting that SNARE complex formation is not the sole determi-
nant of specificity (17–19). Secondly, the localization of Sec9
and Sso1 is not restricted to the yeast bud tips and mother-
daughter necks where secretion is occurring. Instead, they are
distributed along the plasma membrane (6). One level of regu-
lation comes from Sso1. Like many syntaxins, Sso1 contains an
autoinhibitory domain that can prevent premature binary
Sso1-Sec9 complex assembly (20, 21). However, this autoinhi-
bition is not absolute because SNARE complex assembly can
proceed in vitrowithout the addition of putative “opening” fac-
tors, albeit at non-physiological rates (11, 22). Similarly, the
mammalian exocytic SNAREs can formSNARE complexes that
are not competent for fusion at the Golgi when not inhibited
prior to trafficking to the cell surface (23). Therefore, other
levels of activation and/or inhibition are necessary to prevent
inappropriate complex formation and subsequent vesicle
fusion.
In contrast to the SNAREs, several protein families are local-
ized at sites of secretion and, therefore, well placed to provide
additional control of exocytic SNARE complex assembly. One
such example is the exocyst complex, the MTC that is thought
to recognize and tether secretory vesicles to the plasma mem-
brane prior to SNARE complex assembly (3 and references
therein). Consistent with a putative upstream tethering role,
three of the eight exocyst subunits interact with lipids and small
Rab and Rho family GTPases on the opposing membranes,
although tethering has not yet been directly demonstrated (24–
32). The exocyst appears to function prior to SNARE assembly
and vesicle fusion; temperature-sensitive mutants of individual
exocyst subunits result in vesicle accumulation in yeast (33, 34).
In addition, the exocyst has been implicated in other essential
membrane trafficking processes such as autophagy, ciliogen-
esis, and pathogen invasion, likely because of either a “hijack-
ing” or relocalization of the putative tethering function of the
exocyst (35–37). Although there is no high-resolution structure
of the entire complex, structures of domains of the individual
exocyst subunits Sec6 (38), Sec15 (39), and Exo70 and Exo84
(40–42) reveal that they are composed of evolutionarily con-
served helical bundles. The remaining subunits are predicted to
have similar structures (43). This structural characterization
places the exocyst into the conserved CATCHR (complexes
associated with tethering containing helical rods) family of
tethering complexes (2).
AllMTCs (conserved oligomericGolgi complex (COG),Gol-
gi-associated retrograde protein complex (GARP), Dsl1 com-
plex, homotypic vacuole fusion protein complex (HOPS), C
core vacuole/endosome tethering complex (CORVET), and
transport particle protein complex (TRAPP)), of which the
CATCHR family is a subset, interact directly with their cognate
SNARE proteins (44–54). These interactions, where character-
ized, promote the assembly or proofreading of their cognate
SNARE complexes. The HOPS complex binds to and protects
properly assembled complexes fromdisassemblywhile having a
reduced affinity for improperly formed complexes (55, 56). In
mammalian cells, knockdownof individual COGsubunits leads
to an increase in uncomplexed SNAREs and a decrease in over-
all SNARE expression (45). However, for manyMTCs, only the
binding interactions with the SNAREs have been identified.
The functional implications of most of these interactions have
not been studied at the molecular level.
Consistent with other MTC-SNARE interactions, we have
shown previously that the yeast exocyst subunit Sec6 interacts
with theC-terminal SNAP-25 domain of the plasmamembrane
t-SNARE Sec9 (Sec9CT, residues 414–651) (46). However,
Sec6 appeared to inhibit, rather than promote or stabilize, in
vitro formation of the Sso1-Sec9 binary SNARE complex (46).
Therefore, we proposed that the Sec6-Sec9 interaction pre-
vented premature assembly of the Sso1-Sec9 SNARE complex
and that assembly of the exocyst complex could release Sec9 to
form fusogenic SNARE complexes. To test these hypotheses,
we sought to disrupt the Sec6-Sec9 interaction through
mutagenesis without disrupting other protein-protein interac-
tions with their critical binding partners. These mutants would
then be useful reagents for testing the importance of this inter-
action in vivo.
Because Sec9 is an IDP, the process of identifying the critical
residues for the Sec6-Sec9 interaction was not straightforward.
Previous attempts to identify a minimal region of Sec9 neces-
sary for the interaction with Sec6, including limited proteolysis
and truncation experiments, were inconclusive (46). Identifica-
tion of the minimal binding region of Sec6 was hindered by the
insolubility of the N-terminal domain of Sec6. However, the
C-terminal half of the protein has been shown to be insufficient
for binding (46). We were also limited by the flexible nature of
Sec9. The binding sites of IDPs like Sec9 are difficult to identify
because the protein can compensate for loss of one or more
binding residues, and the native state of the IDP-ordered part-
ner interaction often involvesmore than one locus with varying
degrees of preference (57–60).
Here we used a chemical cross-linking and tandem mass
spectrometry approach to define the determinants of the Sec6-
Sec9 interaction. Our analysis revealed a patch of charged and
hydrophobic residues in the linker region of Sec9 that we pre-
dicted would mediate the interaction with Sec6. Mutation of
these residues resulted in synthetic growth defects in combina-
tion with exocyst subunit temperature-sensitive mutations.
Intriguingly, we also observed novel interactions between Sec6
and both the binary Sec9-Sso1 and ternary Sec9-Sso1-Snc2
SNARE complexes. These interactions were disrupted by the
Sec9 mutation. The identification of these novel Sec6-SNARE
complex interactions necessitated a revision of our previous
model. We show that Sec6 does not inhibit SNARE complex
assembly to the extent observed previously. These data suggest
that Sec6 shares a SNARE regulatory role with other tethering
complex subunits, including HOPS and COG.
Experimental Procedures
Protein Expression and Purification—Mutations in recombi-
nant proteins were generated by overlap extension PCR, cloned
into the T7 expression vectors pET15b (Sec6 constructs) or
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pETDuet-1 (Sec9 and Sso1 constructs), and confirmed by
sequencing. Full-length yeast Sec6(1–805), Sec9(414–651),
and the cytosolic domain of Sso1(1–265) proteins were overex-
pressed in BL21(DE3) or BL21(DE3) RIL Escherichia coli cells
and purified as described previously (11, 46). Protein concen-
trations were determined by a quantitative ninhydrin assay
(61). The C-terminal domain of Sec9 is homologous to the
mammalian homolog SNAP-25 and has been shown previously
to be functional in yeast (6).
Cross-linking and Protein Digestion—Sec6 and Sec9 were
combined 1:1 (7 M each) in a solution of 10 mM potassium
phosphate buffer (pH 7.4), 140 mM KCl, and 4% glycerol and
incubated for 2 h at room temperature. EDC (1-ethyl-3-[3-di-
methylaminopropyl]carbodiimide hydrochloride, Thermo Sci-
entific) was then added at 1000molar excess in 5 l of 10 mM
potassium phosphate buffer (pH 7.4). Variations on this reac-
tion were also performed to improve detection sensitivity: with
the addition of either 500molar excess NHS (Thermo Scien-
tific) or 500 molar excess sulfo-NHS (Thermo Scientific) to
increase the stability of the partially cross-linked complex; and
at low concentrations of reactants (1 micromolar) to detect
only early-forming crosslinks. The reaction proceeded for 15,
30, 60, and 120 min before quenching with Laemmli sample
loading buffer (Bio-Rad) and boiling for 10min. One additional
experiment was run at 30 s, 1 min, 5 min, and 10 min to again
detect only early-forming crosslinks. Approximately 15 g of
protein from each reaction was loaded and run on a 4–20%
Mini-Protean TGX precast SDS gel (Bio-Rad). Bands corre-
sponding to the monomeric Sec6-Sec9 cross-linked complex
were excised and destained twice with 200 l of 25 mM ammo-
niumbicarbonate in 50% acetonitrile, reduced in 10l of 50mM
DTT for 10 min at 60 °C, and then alkylated in 10 l of 100 mM
iodoacetamide for 1 h in the dark at room temperature. Pro-
teins were digested overnight at 30 °C with 100 ng of trypsin
(Promega). Following digestion, peptides were transferred into
a clean tube and then extracted further twice with 50% aceto-
nitrile containing 5% (v/v) formic acid. The combined extracts
were dried in a SpeedVac and brought to 20 l with 0.1% (v/v)
formic acid for LC-MS/MS.
LC-MS/MS—Peptide digests were injected (2 l) and loaded
at 4l/min (5% acetonitrile containing 0.1% formic acid) onto a
custom-packed trap column (100-m inner diameter fused sil-
ica with Kasil frit) consisting of 2.0 cm of 200 Å, 5 m Magic
C18AQ particles (Bruker-Michrom) configured to a custom-
packed analytical column (75-m inner diameter fused silica)
packed with 25 cm 100 Å, 5 m Magic C18AQ particles
(Bruker-Michrom) to a gravity-pulled tip. Peptides were sepa-
rated at 300 nl/min using a Proxeon Easy-nLC (Thermo Scien-
tific) system using a linear gradient from 100% A (5% acetoni-
trile with 0.1% (v/v) formic acid) to 35% B (acetonitrile with
0.1% formic acid) in 90 min and eluted directly into an LTQ
Orbitrap Velos hybrid mass spectrometer (Thermo Scientific)
(62). Data were acquired using a data-dependent acquisition
routine of acquiring onemass spectrum fromm/z 350–2000 in
the Orbitrap (resolution 60,000), followed by tandem mass
spectrometry scans of the 10 most abundant precursor ions
found in the mass spectrum. Alternate runs collected either
collision-induced dissociation or higher-energy collisional dis-
sociation spectra acquired in the Orbitrap mass analyzer. Data
acquisition utilized charge state rejection of singly, doubly, and
triply charged ions, and dynamic exclusion was utilized tomin-
imize data redundancy and maximize peptide identification
(62).
Data Analysis—A concatenated peptide database was gener-
ated by xComb (University of Washington) software (63). The
database considered all inter- and intramolecular Sec6 to Sec9
EDC-linked tryptic peptides up to two missed cleavages. The
raw data were converted to peak lists and searched using the
Sequest search engine contained in Proteome Discoverer (ver-
sion 1.3, Thermo Scientific). Briefly, no enzyme specificity was
considered. Parent ion tolerances were set to 15 ppm, fragment
ion tolerances were set to 0.05 Da, methionine oxidation was
considered as a variable modification, and carbamidomethyla-
tion of cysteine was considered as a fixed modification. The
peptide results were then filtered by removing hits with an
XCorr  Sp product of less than 146. Label-free quantitation
using peptide-extracted ion chromatograms was done using
ProteoIQ (version 2.3.08,NuSep) quantitative analysis software
using the replicate method (64). Cross-linked peptides with a
precursor ion intensity of less than 1.0  105 from the mass
spectrum in the 120-min reaction time samples were filtered
and removed from the dataset. For the generation of the cross-
linking (Fig. 1), all experimental designs were combined and
examined together to determine the effect of the cross-linker
on the Sec6-Sec9 complex.
Effect of Sec9 Mutations in Vivo—The full-length sec9-142
(1–651)mutant gene was cloned into the yeast integration vec-
tor pRS306, linearized with EcoRI, and transformed into both
BY4741 and BY4742 (Ref. 65), Open Biosystems) using a yeast
high-efficiency transformation protocol (66). The wild-type
SEC9 and residuals from the pRS306 plasmid were selected
against using 5-fluoro-orotic acid (67), and the mutations were
confirmed by sequencing. Double mutant strains containing
sec9-142 and exocytic temperature-sensitive alleles were gen-
erated by mating the above sec9-142 strains to the exocytic
deletion strains stated (33), sporulation, and confirmation by
temperature sensitivity and sequencing of the sec9 locus.
Growth defects were detected by a serial dilution assay, where
log phase cultures were diluted to 1.0 OD600 units/ml. This
culture was diluted 10-fold over six samples, and dilutions were
spotted onto plates containing YPD media and incubated for
72 h at the indicated temperature.
SNAREComplex AssemblyMonitored byNative GelMobility
Shift Assay—Purified recombinant Sso1 (1–265) was mixed
with the indicated proteins at 10M final concentration of each
protein in a 15-l final reaction volume of 10mM sodium phos-
phate (NaPhos) (pH 7.4), 200 mM sodium chloride (NaCl), and
1mMDTT and incubated at 18 °C for various times (0–72 h). 3
l of 6native gel loading dye (0.6%w/v bromcresol green, 30%
v/v glycerol, 25 mM histidine, and 30 mM MOPS) was added to
each reaction in the cold room, and 5l was loaded on a 200-ml
slab of native PAGE gel (pH 6.6) (6.0% acrylamide, 25 mM his-
tidine, 30 mM MOPS, and 2.5% w/w glycerol polymerized with
2.0 ml 10% w/v APS (ammonium persulfate) and 200 l of
TEMED (N,N,N’,N’-tetramethylethylenediamine) thatwas pre-
equilibrated for 1 h at 4 °C. The gel was run for 4 h at 100 V at
Sec6 Binds SNARE Complexes
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4 °C in native gel buffer (pH 6.6) (25 mM histidine and 30 mM
MOPS) (68), and protein bands were visualized by Coomassie
Blue staining (69). The percent free Sso1was quantified by den-
sitometry (Photoshop, CS5). The density of each band was
divided by the Sso1 band from the zero time point. The result-
ing curve was fit using the derived second-order rate equation
(11) using GraphPad Prism, with Y at t  0 constrained to 1.0
and Y at t∞ constrained to0. All four replicates were fit to
a global rate constant, k, and presented as mean S.E. of the fit
as reported by GraphPad Prism.
SNARE Complex Assembly Monitored by Gel Filtration—All
proteins were incubated together in 200l of final volume at 10
M final concentration in 30 mM NaPhos (pH 7.4), 200 mM
NaCl, and 1 mM DTT for the indicated time (0–72 h) and
injected on a Superdex 200 10/30 column (GE LifeSciences)
pre-equilibrated in the same buffer. 200-l fractions were col-
lected from 0.41–0.71 column volumes and run on a 10% SDS-
PAGE gel. Proteins were visualized by fluorescent Krypton
staining (Pierce) and imaged on a Typhoon fluorescence stage
with a 532-nm laser (GE LifeSciences). Sso1 band intensities of
the three fractions corresponding to the top of the A280 free
Sso1 peak (0.61–0.63 column volumes) were quantified by den-
sitometry (Photoshop CS5), and each fraction was plotted as a
curve across the time course. Because the free Sso1 peak is
approximately Gaussian, the resulting curves were fit using the
derived second-order rate equation (11), as described above, in
GraphPad Prism, with each curve fit to a global rate constant
with the surrounding fractions (three in total) to control for
loading error. A representative fit of two replicate experiments
is shown, and the k value is presented asmean S.E. of the fit as
presented by GraphPad Prism.
Sec6:Sec9 and Sec6:SNARE Binding—GST-Sec9 and GST-
Sec9-142 were purified by expression of each construct as
described previously (46). GST-tagged binary and ternary
SNARE complexes were purified by mixing E. coli lysates con-
taining each of the individual components (Sec9CT, GST-
Sso1CTb (residues 179–265), and Snc2 (residues 1–92)),
expressed as described previously (11), with a limiting concen-
tration of GST-Sso1CTb. All GST-protein-containing lysates
were incubated for 1 h at 4 °C with glutathione-agarose resin,
washed in wash buffer without glutathione (50 mM Tris (pH
8.0), 150 mM NaCl, 10% glycerol, 0.5% IPEGAL, and 3 mM
DTT), and eluted in wash buffer 40mM reduced glutathione.
All constructs except GST-Sec9-142 were diluted 2-fold in 10
mM HEPES (pH 7.4), loaded onto a MonoQ 10/10 column (GE
LifeSciences) pre-equilibrated in 10 mM HEPES (pH 7.4) and
100 mM NaCl, and eluted with a gradient from 100 mM to 1 M
NaCl. Fractions containing the SNAREswere concentrated and
frozen in 10mMNaPhos (pH 7.4) and 140mMNaCl. GST-Sec9-
142 was diluted 30 in 10 mM HEPES (pH 7.0) and 150 mM
NaCl, concentrated to 1 ml in an Amicon 10-kDa spin concen-
trator (Millipore), and frozen in 10 mM NaPhos (pH 7.4). The
final concentration of the protein was determined by a quanti-
tative ninhydrin assay (61).
To test for binding to Sec6, 25 nM GST-protein (or GST
alone) was incubated with the indicated concentration of Sec6
in binding buffer (30 mM NaPhos (pH 7.4), 200 mM NaCl, 5%
glycerol, 0.5% IPEGAL, and 1mMDTT) in a final volume of 100
l for 1 h at 4 °C. 90l of the incubated proteins was added to 2
l of magnetic glutathione resin slurry (Thermo Fischer, 25%
slurry) and incubated for an additional 1 h at 4 °C. The super-
natant was removed, and the resin was resuspended in 1
Laemmli loading buffer before being heated at 95 °C for 5 min.
The beads were not washed prior to boiling to maximize the
bound protein signal. 10l of each sample was loaded on a 12%
SDS-PAGE gel, and proteins were visualized by Krypton stain-
ing (Pierce) and imaging on a Typhoon fluorescence stage (GE
LifeSciences). The extent of binding was measured by calculat-
ing the molar Sec6:GST-protein ratio (densitometry of Sec6
divided by the densitometry of theGST-protein, normalized for
protein size) and dividing by the Sec6:GST molar ratio to nor-
malize by background binding. Each bar represents three rep-
licates  S.E., and statistical significance was calculated using
an ordinary one-way analysis of variance test with multiple
comparisons corrected for by Holm-Sidak multiple compari-
sons test (GraphPad Prism).
Results
Sec6 Specifically Cross-links to the IDP Sec9, Which Identifies
Potential Binding Residues—To examine the function of the
Sec6-Sec9 interaction in vivo, we wanted to identify the resi-
dues necessary for the binding interaction and generate a loss-
of-binding mutant. We chose to use the chemical cross-linker
EDC andmass spectrometry analyses tomap this interaction to
circumvent difficulties caused by the flexible nature of the IDP
Sec9. Chemical cross-linkers create covalent bonds between
side chains (usually Lys-Lys or Asp/Glu-Lys) separated by spe-
cific distances; in the case of EDC, the reaction of EDC with
Asp/Glu and Lys residues that are in close proximity results in a
peptide bond between the free carboxyl and free amine groups.
Purified Sec6 and Sec9weremixed together and cross-linked by
EDC (with or without NHS or sulfo-NHS), and a portion of the
total reaction was quenched at various time points (1–120 min
depending on the experiment). The reaction from each time
point was run on SDS-PAGE, and the band corresponding to
the molecular weight of the 1:1 Sec6-Sec9 complex was excised
and subjected to mass spectrometry analysis (see “Experimen-
tal Procedures”). The identified cross-linked peptides mapped
across the entire length of Sec9 (36 residues of 63 total Glu/Lys/
Asp residues) and Sec6 (68 residues of 200 total Glu/Lys/Asp
residues; all Glu/Lys/Asp residues in the Sec6 C-terminal
domain are located on the surface (38)), with 152 unique cross-
links between them. This large number of cross-links was
expected because of the flexible nature of the IDP Sec9. How-
ever, only50% of the available Asp/Glu/Lys residues on Sec9
and only35% of the Asp/Glu/Lys residues on Sec6 were iden-
tified as participating in a cross-link (Fig. 1A), indicating that
the cross-linking reaction was not random.
Because of the large number of cross-links identified, we
sought to limit our analysis to only those likely involved in the
binding interaction. Because this experiment was carried out as
a time course, we categorized each cross-link on the basis of its
presence/absence and intensity at different time points (Fig.
2A). These analyses identified two classes of cross-links: those
that had constant intensities over time, and those whose inten-
sities changed over time. The cross-links that do not change
Sec6 Binds SNARE Complexes
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over time are ones that formearly in the reaction, and those that
aremore variable form later as cross-links that are secondary to
the “early-forming” cross-links (Fig. 2B). We hypothesized that
residues participating in salt bridges in the binding interface
will initially be protected from EDC; therefore, the early-form-
ing cross-links lie outside of the core of the protected binding
site. After formation of the early cross-links, the now limited
flexibility of the IDP Sec9 and low micromolar affinity of the
Sec6-Sec9 interaction (0.5M (46))would result in disruption
of some of the salt bridges, allowing those residues to partici-
pate in “late-forming” cross-links. Some residues are capable of
participating in both early and late-forming cross-links, likely
because of the bulk nature of this assay and the variable acces-
sibility of those residues due to the flexibility of Sec9.
On the basis of these hypotheses, we focused on residues that
participate in late-forming cross-links, specifically those that
are located nearby early-forming cross-links (Fig. 1B). After fil-
tering the dataset accordingly, we identified a five amino acid
stretch on Sec9 that satisfied the above conditions. The first
(Lys-533) and last (Glu-537) residues cross-link to adjacent
regions on the Sec6 C-terminal domain (Sec9 Lys-533 to Sec6
Glu-447 and Sec9 Glu-537 to Sec6 Lys-516), and these cross-
links are near early-forming cross-links (Lys-531 and Lys-532
on Sec9). The intervening residues contain a mixture of hydro-
phobic and electrostatic side chains that are incapable of form-
ing cross-links (Leu-534, Met-535, and Arg-536). These resi-
dues lie in the middle of the 80- to 90-residue linker region of
Sec9, between the two regions that will fold into the SNARE
FIGURE 1. Sec6 and Sec9 cross-link specifically, and different classes of cross-links highlight residues important for the binding interaction. All
cross-links identified in each of the experiments described under “Experimental Procedures” weremapped onto the C-terminal structure of Sec6 (amino acids
411–805) (38) and linear segments representing theN-terminal domainof Sec6and theSNAREdomainsof Sec9.Grayboxes indicatehelical secondary structure
(the known SNARE helices on Sec9 and the predicted helical regions of the Sec6 (amino acids 1–410) (SOPM algorithm, Ref. 77)). A, all possible cross-linkable
residues (lysine,blue; glutamic acid/aspartic acid, red) aremappedonto theproteins.B, cross-linked residues are coloredon thebasis of the classesof cross-links
identified in Fig. 2A (early-forming, yellow, late-forming,blue, combination residues that participate in both classes,green). Only the late-forming cross-links are
shown. On the basis of the hypothesized model presented in Fig. 2B, residues likely to be involved in the binding interaction are circled in red. The sec9-142
mutation is located between the two blue residues (Lys-533 and Glu-537) in the red circle.
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motif helices upon SNARE assembly. Therefore, mutations in
these residues will not disrupt the stability of the assembled
SNARE complex. To generate a mutant sec9 allele for studying
the importance of these residues in the Sec6-Sec9 interaction,
the entire stretch was mutated to oppositely charged residues,
generating the sec9-142 allele (Lys-533 to Glu, Leu-534 to Glu,
Met-535 to Glu, Arg-536 to Glu, and Glu-537 to Arg).
The sec9-142 Allele Causes Growth Defects in Sensitized
Backgrounds but Does Not Disrupt Sec6-Sec9 Direct Binding—
We first tested whether this allele could function as the sole
copy of SEC9 under the control of its endogenous promoter in
yeast.We predicted that the interaction between Sec6 and Sec9
is necessary and that disruption of the interaction would result
in a growth defect because of disruption of the secretory path-
way. To test this, we integrated the sec9-142 allele into the SEC9
genomic locus, replacing the wild-type SEC9. We performed a
serial dilution assay to compare the growth of wild-type and
sec9-142 yeast at various temperatures (WT versus sec9-142,
Fig. 3A). In this assay, there were no observable differences
between the two strains, suggesting that this mutant protein is
sufficient for growth under otherwise wild-type conditions.
Although the sec9-142 strain grew similarly to the wild type,
itmay have a synthetic/additive effect with othermutants when
the Sec9-142 protein causes a mild disruption in the exocytic
pathway. To test for such synthetic effects, we replaced the
wild-type SEC9 gene with the sec9-142 allele in strains contain-
ing temperature-sensitive mutations that have exocytic defects
at non-permissive temperatures: an exocytic SNARE regulator
(sec1-1), and subunits of the exocyst complex (sec3-2, sec5-24,
sec6-4, sec8-6, sec10-2 and sec15-2) (33). Each double-mutant
haploid strain was then tested for growth at various tempera-
tures (23–37 °C). In these sensitized backgrounds, sec9-142
showed synthetic growth defects in combination with sec1-1,
sec3-2, sec8-6, and sec15-2. These results revealed a modest
defect for the sec9-142mutant in exocytosis and cell growth.
We hypothesized that the synthetic growth defect was due to
a decreased affinity of Sec6 for Sec9, and therefore tested
whether these mutations were sufficient to disrupt Sec6-Sec9
direct binding. A low concentration of GST-Sec9 orGST-Sec9-
142 (25 nM) was incubated with three different concentrations
of Sec6 (1, 0.1, and 0.01 M), and the extent of binding was
quantified as a -fold change over binding to GST alone. We
found that Sec6 binds to both GST-Sec9 and GST-Sec9-142
significantly over the background (Fig. 3B) but detected no sig-
nificant differences in binding between the two Sec9 con-
structs. This is likely due to the capability of an IDP to bind to an
ordered partnerwithmultiple low-affinity binding sites and our
disruption of only one of those sites (58–60).
Sec6 Does Not Affect the Rate of SNARE Assembly in Vitro—
Although we could detect no significant loss of the Sec6-Sec9
interaction, the function of Sec6 as a SNARE assembly inhibitor
may be affected in the presence of the Sec9-142 protein, result-
ing in the observed synthetic growth defect. To further investi-
gate this, we tested the effect of the Sec9-142 mutation on
SNARE complex assembly in vitro. Our earlier studies demon-
strated a decreased rate of SNARE assembly (4-fold), as mon-
itored by gel filtration chromatography in the presence of Sec6,
FIGURE 2. Cross-linking over a time course results in two classes of cross-linked peptides. A, at each time point in the cross-linking reaction (0–120 min
depending on the experiment), a portion of the reaction was quenched, and the cross-linked peptides were identified and quantified by mass spectrometry.
The resulting cross-linkswere grouped into two classes: early-forming cross-links (top panel), which formearly in the reaction anddonot change intensity over
time, and late-forming cross-links (bottom panel), which increase in intensity over time. B, model for how an intrinsically disordered protein may interact with
a well folded binding partner over time in the presence of EDC. 1, Sec9 binds to Sec6, and these side chain interactions (red circle) protect these residues from
reaction with EDC. 2, early-forming cross-links (yellow) form as chemically capable side chains come into contact. 3, equilibrium dissociation of the local
interaction occurs. Early-forming cross-links (yellow) restrict the proteins to remain in close proximity despite the absence of the original binding interaction
(red). 4, late forming cross-links (blue) form as chemically capable side chains come into contact through random motion of the IDP protein. These new
cross-links can occur in the binding site (bottom) or outside of the binding site (top).
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as well as reduced levels of assembled SNARE complexes using
a native gel mobility shift assay (46).
To test whether the Sec9-142 protein is sufficient to remove
the inhibition of Sec6 on SNARE assembly, we adapted
the previous native gel binary SNARE assembly assay to mea-
sure the SNARE assembly rate. Previously, these experiments
were run on thin, upright, native gels (pH 7.4). Because of the
lack of a stacking layer, both the binary SNARE band and the
uncomplexed Sso1 band were often resolved inconsistently.
We modified the assay to use a “slab” gel (a thicker, 0.5- to
1.0-cm polyacrylamide gel polymerized in a horizontal gel box)
and also lowered the pH of the gel (pH 6.6). These modifica-
tions resulted in sharper resolution of the free Sso1 band. The
experiment was run with seven time points incubated for up to
72 h, due to the slow nature of in vitro SNARE assembly with
the autoinhibited form of Sso1 (11), and the resulting decrease
in the uncomplexed Sso1 bands over time was fit to the inte-
grated second order rate equation (11).
This modified assay was used with various combinations of
proteins (Sec9 Sso1, Sec9-142 Sso1, Sec9 Sso1 Sec6,
and Sec9-142  Sso1  Sec6) to determine whether Sec9-142
affected the rate of SNARE complex assembly. First, we tested
whether the Sec9-142 mutant protein has a defect in SNARE
assembly by comparing the rates of assembly of themutant and
wild-type Sec9 with Sso1, in the absence of Sec6. After quanti-
fication of the free Sso1 band (Fig. 4, A, top left versus top right
panel, and B, light blue versus yellow curves), the observed rate
(k) of assembly of SNAREs containing Sec9-142 was within
2-fold of those containing wild-type Sec9 (1.66 0.408 M1s1
for Sec9-142 versus 0.878 0.318 M1s1 for Sec9). We there-
fore concluded that Sec9-142 does not have a significant effect
on the rate of binary SNARE complex assembly.
We next tested whether Sec6 was able to inhibit the forma-
tion of Sec9-142-containing SNARE complexes. Unexpectedly,
we did not observe an inhibition of SNARE complex assembly
by Sec6with either thewild type or Sec9-142 despite a potential
decrease in the observed intensity of the assembled SNARE
complex band (Fig. 4A, bottom left versus top left panel). When
the loss of uncomplexed Sso1 over time was quantified (Fig.
4B), there was no significant difference between any of the con-
ditions tested (Sec9, k 0.878 0.096 M1s1; Sec9-142, k
1.66  0.408 M1s1; Sec9Sec6, k  0.908  0.273 M1s1;
Sec9-142Sec6, k  1.39  0.415 M1s1). Curiously, the
extent of the reaction appears to be different under the Sec9
Sec6 condition: at t  ∞, 30% of Sso1 calculated to remain
unbound when Sec6 is present, whereas 	5% of Sso1 is calcu-
lated to remain unbound under the other conditions. There-
fore, Sec6 does not appear to affect the rate of observed SNARE
assembly butmay be affecting the final equilibriumbetween the
proteins. SNARE complex assemblymay not be able to proceed
to completion (full depletion of Sso1) because of sequestration
by Sec6 of a fraction of Sec9 but not Sec9-142. Several explana-
tions could be responsible for the differences between these
results and the previous ones, including the fact that the earlier
quantifications were performed on samples analyzed by gel fil-
tration chromatography rather than native gels. To understand
these conflicting results, we sought to determine whether the
differences in the experimental designswere responsible for the
discrepancies, and/or whether one or both experiments were
misinterpreted.
Gel Filtration Chromatography Cannot Resolve Uncom-
plexed Sec6 and Sso1 Peaks—To examine differences between
the gel filtration and native gel SNARE assembly assays, we
repeated the gel filtration assay as described previously (11, 46).
In this assay, we monitored SNARE complex assembly by a
reduction in the uncomplexed Sso1 A280 peak height. The free
Sso1 peak heights in this experiment appeared to be similar to
our previous findings (Fig. 5A and Ref. 46). However, when we
FIGURE 3. The sec9-142mutant causes synthetic growth defects in combination with other components of the late secretory pathway, but does not
disrupt Sec6-Sec9 direct binding. A, the sec9-142mutationwas integrated into the genomic SEC9 locus and tested either alone or in combinationwith other
secretory pathway temperature-sensitive mutants at various temperatures. The sec1-1/sec9-142, sec3-2/sec9-142, sec8-6/sec9-142, and sec15-2/sec9-142 com-
binations showed synthetic growth defects. B, the indicated concentration of Sec6 was incubated with 25 nM GST-protein and immobilized on glutathione
magnetic resin, and then the fold change over GST-alone binding was quantified. The differences between all pairwise interactions were determined by a
one-way analysis of variance statistical test on non-matched parametric data with Holm-Sidak correction for multiple comparisons in GraphPad Prism. n 3,
graphed as mean S.E. *, p 0.05; **, p 0.01; ****, p 0.001.
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examined the entirety of the gel filtration profiles, we found
that the previous analyses did not account for the contribution
of uncomplexed Sec6. Sec6 has a long tail on the gel filtra-
tion column and overlaps with the free Sso1 peak, causing an
increase in the Sso1 peak height (Fig. 5B, blue trace). When
Sec9 is incubated with Sec6 and Sso1, Sec9 binds Sec6, and the
Sec6-Sec9 complex migrates as a larger complex that has little
to no overlap with the free Sso1 peak (Fig. 5B, red trace). As
SNARE complex assembly proceeds, Sec6 is released, and its
peak shifts back to the uncomplexed position. This causes an
increased overlap with the free Sso1 peak (Fig. 5B, red, orange,
and yellow traces) and an increase in the apparent Sso1 peak
height at later time points. Additionally, because of a small frac-
tion of Sec6 aggregating over time, a fraction of it can be found
in a peak that exits near the void volume of the column. Sso1
and Sec9 are also found in this aggregate peak (data not shown),
which affects our ability to quantify the amount of free Sso1.
Therefore, quantification of Sso1 peak heights may previously
have led to an erroneous interpretation of the rate of binary
SNARE assembly in the presence of Sec6.
To circumvent the overlapping peaks problem in the gel fil-
tration experiments, we quantified changes in the amount of
free Sso1 in the eluted free peak using protein gels. The three
fractions that corresponded to the top of the free Sso1 peak
from each time point were run on SDS-PAGE gels. All proteins
were then detected with the high-sensitivity Krypton fluores-
cent protein stain (Fig. 5C), and the free Sso1 bandwas analyzed
to determine the rate constant for the loss of free Sso1 (Fig. 5D)
(see “Experimental Procedures” for details of the analysis). This
rate is faster than that measured by native gel in Fig. 4 (0.488
0.3858 M1s1 for Sec9 and 0.583  0.341 M1s1 for Sec9 
Sec6), but with larger errors. Despite the differences, these data
agree that the presence of Sec6 does not inhibit the rate of
SNARE complex assembly.
Sec6 Binds Both the Binary and Ternary SNARE Complexes,
and This Interaction Is Reduced Significantly When the Sec9-
142 Mutant Is Present—Our results above resolved the differ-
ence between our current data and those published previously
(46). However, they did not provide insights into the nature of
the Sec6-Sec9 interaction in vivo. We therefore tested whether,
as observed for other MTC-SNARE complex pairs (44, 45,
47–51), Sec6 could bind to binary Sec9-Sso1 or ternary Sec9-
Sso1-Snc2 SNARE complexes.Wedesigned the in vitro binding
experiments to maximize the signal from the bound complex
(see “Experimental Procedures”). At concentrations much
higher or much lower than the equilibrium dissociation con-
centration (Kd), the signals will not be significantly different
between various conditions due to the absence of binding at low
concentrations and increased background binding at high con-
centrations. At concentrations of Sec6 closer to the Kd, differ-
ences in signalwill bemore readily observable. For each binding
reaction, the molar ratio of Sec6:GST-protein was normalized
to the GST background signal, and all related conditions were
tested for significant differences in binding (one-sided analysis
of variance with multiple comparisons on non-matched data
sets).
We chose to use 0.05, 0.5, and 5.0 M Sec6 in these experi-
ments because 0.5–1.0 M was the previously estimated Kd for
the Sec6-Sec9 complex (46). These concentrations were added
to various SNARE constructs for a final concentration of 25 nM
each construct: GST and GST-Sso1 as negative controls, GST-
Sso1Sec9 and GST-Sso1Sec9-142 to test binding to the bina-
ry SNARE complex, and GST-Sso1Sec9Snc2 and GST-
Sso1Sec9-142Snc2 to test for binding to the ternary SNARE
complexes. All Sso1-containing constructs were formed using
just the SNARE domain (Sso1-CTb) to maximize purification
of the assembled SNARE complexes. The binding of Sec6 to
SNARE complexes at concentrations 5- to 10-fold above (Fig. 6,
FIGURE 4. Sec6 does not affect the rate of SNARE assembly. The cytoplasmic domain of Sso1 and the SNAP-25 domain of Sec9 (WT or Sec9-142) were
incubated together at 10 M for 0–72 h, with or without equimolar Sec6, and resolved on a histidine-MOPS polyacrylamide native gel (pH 6.6). The free Sso1
band was quantified and fit to an integrated second-order rate equation, assuming equal concentrations of reactants as described previously (11). A, repre-
sentativenativegels showing the assembledSNARE complexbandand free Sso1band,whichwasquantified. Theasteriskdenotes thenon-resolvedSec9band
and nonspecific contaminants from the Sec9-142 prep, and two asterisksdenote a contaminant from the Sec9 prep. B, quantification of the native gel assays fit
to the integrated second-order rate equation assuming equal concentration of reactants. Data from four replicateswere fit globally, and the rate constants are
reported as mean S.E. of the fit (GraphPad Prism).
Sec6 Binds SNARE Complexes
28252 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290•NUMBER 47•NOVEMBER 20, 2015
 at U
niversity of M
assachusetts M
edical Center/The Lam
ar Soutter Library on Septem
ber 27, 2017
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
5 M, left panel) or below (Fig. 6, 0.05 M, right panel) the
approximate Kd of the Sec6-Sec9 interaction show no signifi-
cant differences over background under any of the conditions
tested.
When the GST-SNAREs were incubated at concentrations
near the Kd (Fig. 6, 0.5 M, center panel), the amount of Sec6
bound to SNARE complexes was significantly different from
GST alone. Sec6 bound both binaryGST-Sso1Sec9 (Fig. 6, light
green column) and ternary GST-Sso1Sec9Snc2 (Fig. 6, light
pink column) SNARE complexes over background (p 0.005).
Additionally, there was a significant increase in Sec6 binding to
ternary complexes compared with binary complexes, indicat-
ing that Sec6 has a greater affinity for the ternary than the
binary complex (Fig. 6, p  0.005, light green versus light pink
columns). Finally, the binding to binary and ternary SNARE
complexes containing the Sec9-142 protein was decreased sig-
nificantly (Fig. 6, p  0.05 for binary SNARE complexes, light
green versus dark green bars, and p 0.001 for ternary SNARE
complexes, light pink versus dark pink bars). Neither binary nor
ternary SNARE complexes containing Sec9-142 bound Sec6
significantly over the GST background. These data demon-
strate that Sec6 binds both the binary and ternary SNARE com-
plexes. Furthermore, binding of Sec6 to SNARE complexes
requires residues in the linker region of Sec9 because the inter-
action is abrogated in the presence of Sec9-142. Additionally,
they demonstrate how the folded and disordered forms of Sec9
vary in their ability to bind Sec6. Although the disordered pro-
teinwas able to compensate for the loss of the Sec9-142 binding
site, the ordered protein in the assembled complex is no longer
able to compensate for those mutated residues.
Discussion
Our biochemical studies identified, for the first time, an
interaction between a subunit of the yeast exocyst tethering
complex and assembled exocytic SNARE complexes (Fig. 6).
Our previously published results had concluded that Sec6 was
inhibitory to binary Sec9-Sso1 SNARE complex assembly (46),
a finding in contrast with other identified MTC-SNARE inter-
actions (44, 45, 47–54). However, this analysis instead suggests
that the previous data were misinterpreted. We show here that
Sec6 can bind both the binary Sec9-Sso1 and ternary Sec9-
Sso1-Snc2 SNARE complexes, and that these interactions are
disrupted by the Sec9-142 mutations. We therefore conclude
that the synthetic growth defect observed in sec9-142 cells is
due to a disruption of the Sec6-SNARE complex interaction
rather than a loss of Sec6-mediated SNARE inhibition.
FIGURE 5. Sec6 leads to an artificial apparent increase in the free Sso1 peak by gel filtration over time. A, the binary Sec9-Sso1 SNARE complex assembly
assay with or without Sec6 asmonitored by gel filtration, showing the free Sso1 peak height. As reported previously (46), quantification of this peak led to the
conclusion that Sec6 was inhibitory to SNARE complex assembly. B, analysis of the full peaks, including an equimolar Sso1 Sec6 control, demonstrates that
uncomplexed Sec6 leads to an apparent increase in the free Sso1 peak relative to Sso1 at 0 h. C, the three fractions corresponding to the free Sso1 peak
(denoted under the Sso1 curve in B) were resolved on SDS-PAGE and stained with Krypton protein stain (Pierce). Shown is a representative gel set from gel
filtration experiments in the absence of Sec6.D, the bands in C and the other gels were quantified by densitometry and normalized to the band at t 0. These
values were analyzed together and analyzed as in Fig. 4.
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In addition to the linker of Sec9, residues in the v-SNARE
Snc2 may be contributing to the Sec6-SNARE complex inter-
action. Mutations in Snc2 that face outward from the assem-
bled SNARE complex disrupt a direct interaction between Sec6
and Snc2, resulting in defects in localization of the exocyst com-
plex (70). Our studies show that Sec6 has a higher affinity for
the Sec9-Sso1-Snc2 ternary complex than the Sec9-Sso1 binary
complex (Fig. 6). We therefore suggest that Snc2 is providing
additional binding residues on the surface of the assembled
SNARE complex for Sec6 binding and that the Snc2 mutant
protein may be disrupting Sec6-SNARE complex binding, sim-
ilar to the disruption seenwith the Sec9-142mutant. Therefore,
the role of the Sec6-SNARE complex interactionmay be to help
maintain proper localization of the exocyst complex.
Most MTCs, including exocyst, interact with their cognate
SNARE complexes orwith individual SNAREproteins (44–54).
However, the function of these interactions is not well under-
stood. The best studied of the MTC-SNARE complex interac-
tions is between HOPS and its cognate SNARE complex. This
interaction appears to have several functions. First, HOPS
recruitment to the assembled SNARE complex is important for
maintaining its localization at sites of vacuole fusion (71). Sec-
ondly, HOPS competes with the disassembly machinery
(Sec17/Sec18) for binding to the assembled SNARE complex
and preferentially binds to trans-SNARE complexes. This likely
protects the prefusion trans-SNARE complex from disassem-
bly (44, 72). Finally, HOPS has a higher affinity for properly
formed SNARE complexes than for non-cognate SNARE com-
plexes, suggesting that it may “proofread” the SNARE complex
prior to fusion (55).
It is interesting to speculate that exocyst-SNARE complex
interactions may have similar roles as the HOPS-SNARE inter-
actions. HOPS and exocysts are not structurally homologous to
each other, but similarities in their other binding partners sug-
gest that theymay be functionally analogous. Both interact with
Rab GTPases, lipids, and Sec1/Munc18 proteins. However, the
Sec1/Munc18 protein for HOPS, Vps33, is a stoichiometric
member of theHOPS complex, whereas the exocyst binds tran-
siently to its Sec1/Munc18 protein, Sec1, through Sec6 (73, 74).
Similarly, the COG complex, which is structurally related to
exocysts, binds both the Sec1/Munc18 proteins Sly1 andVps45
through its Cog4 subunit (75, 76). These similar protein-pro-
tein interactions suggest that additional interactions and roles
may be conserved across trafficking pathways and across spe-
cies. The regulation of SNARE complex assembly by the teth-
ering factors may be one such commonality.
The studies presented here provide a crucial step toward
deciphering the role of exocyst-SNARE interactions in exocytic
growth in yeast and suggest future experiments in other model
systems. We now show that Sec6 is not a negative regulator of
SNARE complex assembly but, rather, that it interacts directly
with SNARE complexes. This is a common feature among
MTCs from various trafficking pathways in different species.
However, many questions remain unanswered. Is the entire
exocyst complex involved in the SNARE interaction or just the
Sec6 subunit? Is the SNARE complex responsible or required
for recruiting the exocyst to the plasmamembrane?What roles
do other molecules (Rab GTPases, myosin-type motors, lipids,
etc.) play in this process? Moving forward, tools developed
recently for purifying the yeast exocyst complex and testing the
functional consequences of individual subunit loss3 may be
adapted to answer some of these questions. For now, these
studies provide a crucial first step in identifying a novel, con-
served, and required interaction and an allele with which to test
these hypotheses in future.
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